Abstract. The expression of CD9 has been shown to be inversely associated with pancreatic cancer metastasis but the underlying mechanism remains incompletely understood. Using the two closely associated pancreatic cancer cell lines, PaTu-8898s and PaTu-8898t, which are metastatic and non-metastatic, respectively, we showed that the PaTu-8988s cells expressed a lower level of CD9 but had higher proliferation and migration rates than the PaTu-8898t cells. An inverse correlation between CD9 expression and the cell surface level of epidermal growth factor receptor (EGFR) was observed in both cell lines. In the PaTu-8898s cells, overexpression of CD9 decreased the cell surface expression of EGFR, associated with increased expression of dynamin-2, whereas in the PaTu-8898t cells, knockdown of CD9 with RNA interference (RNAi) increased the cell surface expression of EGFR, associated with decreased expression of dynamin-2. However, the total EGFR level did not change by manipulation of CD9 expression, suggesting that CD9 plays a role in EGFR endocytosis. Furthermore, in the PaTu-8898ts cells, CD9 overexpression decreased the cell proliferation and migration, which were reversed by EGFR overexpression, whereas in the PaTu-8898t cells, CD9 knockdown enhanced the cell proliferation and migration which were blocked by EGFR RNAi both in vitro and in vivo. Thus, in pancreatic cancer cells, downregulation of CD9 may play a role in cancer growth and metastasis through, at least in part, enhancing cell surface expression of EGFR.
Introduction
Pancreatic cancer is the fourth most common cause of cancer-related mortality in the United States and the eighth worldwide (1) . This disease has an extremely poor prognosis with a median survival of 4-12 months and a dismal 5-year survival rate of 5% (2, 3) . The lethal nature of pancreatic adenocarcinoma is mainly due to the high frequency of local or regional spread and distant metastasis (4) . Although various molecular changes have been revealed in this malignancy, mechanisms underlying the aggressiveness of this neoplasm remain largely unclear.
CD9, a member of the tetraspanin family, is widely expressed on the plasma membrane of various cell types, including hematopoietic cells, endothelial cells, epidermal cells, and many tumor cell lines (5) (6) (7) (8) . Like other members of the tetraspanins, CD9 interacts with a number of transmembrane proteins, and forms functional complexes, which facilitate cell adhesion, motility and signaling (5, (9) (10) (11) (12) (13) (14) . In pancreatic cancer, CD9 expression is reduced in pancreatic cancer cells but is elevated in the stroma (15) and reduced CD9 expression levels are associated with high tumor grade and lymph node metastasis (16) , although contradictory findings have also been reported (17) . However, mechanisms underlying the involvement of CD9 in pancreatic cancer metastasis remain incompletely understood.
In the present study, using the two closely associated pancreatic cancer cell lines, PaTu-8988t and PaTu-8988s, which have been shown to be non-metastatic and metastatic in vivo, respectively (18) , we demonstrated an inverse correlation between CD9 expression and cell proliferation and motility. PaTu-8988s cells expressed a lower level of CD9 but had higher proliferation and migration rates than the PaTu-8898t cells. We further demonstrated an inverse correlation between CD9 level and the cell surface expression of epidermal growth factor receptor (EGFR). CD9 overexpression reduced the cell surface expression of EGFR, associated with increased expression of dynamin-2, whereas CD9 knockdown increased the cell surface expression of EGFR, associated with decreased expression of dynamin-2. While forced expression of EGFR did not reverse CD9 overexpression-mediated inhibition of cell proliferation, CD9 knockdown-promoted pancreatic cancer cell proliferation and migration were blocked by EGFR RNAi both in vitro and in vivo. Thus, targeting CD9 may offer therapeutic benefits to patients with pancreatic cancer.
Materials and methods

Animals.
Female severe combined immunodeficient (SCID) mice (4-6 weeks of age) were purchased from jackson Laboratory. Temperature (20-21˚C) and humidity (50-60%) were controlled. Daily light cycle consisted of 12 h of light and 12 h of dark. Animals were manipulated under sterile conditions. All animal experiments were carried out after approval by the Institutional Review board of Shanghai Tenth People's Hospital and were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals published by the National Institutes of Health.
Cell lines. PaTu-8988s and PaTu-8988t cells were obtained from the Cancer Research UK Central Cell Service (Clare Hall Laboratories, Potters bar, UK). Cells were routinely maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FbS) in a humidified incubator at 37˚C with an atmosphere of 5% CO 2 .
Immunostaining and confocal microscopy. Cells growing on coverslips were fixed with 4% paraformaldehyde (PFA) for 15 min at room temperature. They were later blocked with 5% normal donkey serum containing 0.1% Triton X-100 in phosphate-buffered saline (PbS) for 1 h at room temperature. Cells were incubated with an antibody mixture containing a mouse monoclonal anti-CD9 (Abcam) and a rabbit polyclonal anti-EGFR (R&D Systems) antibody at 4˚C overnight. After washing 3 times with PbS containing 0.1% Triton X-100, the cells were incubated with a mixture of Alexa Fluor 488-conjugated donkey anti-mouse IgG (Life Technologies) and Alexa Fluor 594-conjugated donkey anti-rabbit IgG (Life Technologies) for 2 h at room temperature, and washed 3 times with PbS containing 0.1% Triton X-100 and incubated with 1 µg/ml 4',6-diamidino-2-phenylindole (DAPI; Sigma Aldrich) for 10 min. Confocal microscopy was performed on an LSM-710 laser scanning microscope (Zeiss, Oberkochen, Germany) with a 40x1.3 numerical aperture oil immersion lens. All digital images were captured at the same settings. Final images were processed using Adobe PhotoShop software.
Western blot analysis. Tissues or cells were lysed in 2X Laemmli buffer containing a cocktail of protease inhibitors (bio-Rad, Hercules, CA, USA). The proteins were extracted, boiled for 10 min at 100˚C, and then resolved by SDS-PAGE on a 12% gel. The protein signals were detected by luminal detection reagent (Santa Cruz biotechnologies, Santa Cruz, CA, USA). The following primary antibodies were used: anti-CD9 antibody (1:1,000), anti-β-actin antibody (1:2,000), anti-EGFR (1:1,000), anti-dynamin-2 antibody (1:1,000) and anti-Na-K-ATPase (1:1,000) (all from Abcam).
Construction of recombinant lentiviral vectors, preparation of lentiviral particles and cell infection.
To construct lentiviral CD9 shRNAs, three oligonucleotides sequences: 5'-GCTGTT CGGATTTAACTTCAT-3' (shCD9-1), 5'-TTCTACACAGGA GTCTATATT-3' (shCD9-2), 5'-CACAAGGATGAGGTGATT AAG-3' (shCD9-3), which specifically target CD9 mRNA (Genbank accession no. NM_001769.3) were synthesized. A scrambled sequence of the CD9 target sequence was used as a negative control. The lentiviral shRNA constructs were prepared at Genomeditech biotechnology Co. Ltd. (www.genomeditech. com) using the vector U6-MCS-CMV-EGFP. The lentiviral EGFR-shRNA (shEGFR) was constructed similarly using the specific oligonucleotide sequence: 5'-GCAAAGUGUGUA ACGGAAUAG-3') which targets a sequence starting at nucleotide 1247 and lying at the junction of exon 8 and 9 (19) . To construct the lentiviral CD9 and EGFR constructs, the CD9 cDNA and EGFR cDNA were amplified by PCR using Pfu polymerase (Promega, USA), and were inserted into the BamHI and XhoI digestion sites in the lentiviral vector CMV-MCS-IRES-EGFP. Lentiviral particles were prepared at Genomeditech biotechnology Co. Ltd. Cells were transfected with the lentiviral vectors using Lipofectamine 2000 (Invitrogen Corp, Long Island, NY, USA) according to the manufacturer's instructions.
Cell proliferation assay. PaTu-8898s and PaTu-8898t cells were plated in a 96-well plate (2,000 cells/well), which was incubated for 1-7 days at 37˚C in an atmosphere of 5% CO 2 in air. Thereafter, 20 µl of CCK-8 solution was added to each well of the plate and incubated for an additional 4 h under the same conditions. Then, the absorbance at 450 nm was measured using a microplate reader, wherein the absorbance value indicated the proliferative capacity.
Scratch-wound assay. The scratch-wound assay was performed as previously described (20) . Cells were plated onto 6-well plates at a concentration of 2x10 5 cells/well. Cell monolayers were carefully wounded by scratching with a sterile plastic pipette tip. The cells were washed twice with PbS and incubated for a further 48 h. Photographs of each wound were captured in the same fields at different times up to 48 h. The distance between the wound edges was analyzed using Image j version 1.42 (National Institutes of Health, bethesda, MD, USA). The percentage of wound occupied was calculated by dividing the non-recovered area at 24 h by the initial wound area at 0 h and subtracting this value as a percentage from 100%.
In vitro invasion assay. Cells were detached and resuspended in serum-free medium. Cells (4x10 4 cells/well) were then plated into Matrigel-coated invasion chambers (becton-Dickinson) and allowed to invade for 24 h. The remaining cells in the chambers were removed by Q-tips and the invading cells on the lower surface of the chambers were stained with 0.2% crystal violet solution. The number of invading cells was calculated by counting three different fields under a phase-contrast microscope and were plotted as the percentage of invading cells of the total number of plated cells.
In vivo tumor growth and metastasis experiments. PaTu-8988t (1x10 7 ) cells infected with the lentiviral scramble shRNA or CD9-specific shRNA (shRNA3) were subcutaneously implanted into one flank of the SCID mice (n=12, respectively). The presence of tumors and their size (length x width 2 x π/6) were monitored twice weekly. When the animals died or were sacrificed due to tumor burden, the tumors, draining lymph nodes, liver and lungs were harvested and then subjected to histopathological examination. PaTu-8988s (1x10 6 ) cells infected with the lentiviral CD9 construct or the lentiviral vector were intravenously injected into the tail vein of SCID mice (n=12, respectively). At 120 days after injection, the mice were sacrificed and lungs and livers were collected for H&E staining. Three cross-sections of each lung at different levels (every 100 mm) were investigated for assessment of micrometastasis. The percentage of mice with lung metastases and the total number of micrometastatic nodules from the three sections are presented.
Statistical analysis. For the in vitro experiments, the values are expressed as the mean ± SEM. Comparison between two groups was carried out using the Student's t-test. All experiments were repeated three times. For the in vivo studies, tumor volumes were calculated as the mean ± SEM. Wilcoxon rank sum test and Kruskal-Wallis test were used to compare treatment differences.
Results
Different proliferation and migration capabilities between the
PaTu-8898s and PaTu-8898t cells. Although PaTu-8898s and PaTu-8898t, two cell lines originating from liver metastases of the same human pancreatic adenocarcinoma, have been shown to be metastatic and non-metastatic in vivo, respectively (18), whether they behave differentially in vitro has rarely been investigated. The proliferation and invasion of both cell lines were investigated by conducting in vitro proliferation and Matrigel invasion assays, respectively. As shown in Fig. 1 , PaTu-8898s cells underwent a significantly higher rate of proliferation and invasion compared to the Patu-8898t cells.
Inverse correlation between CD9 expression and cell surface expression of EGFR in the PaTu-8898s and PaTu-8898t cells.
To examine the expression of CD9 in both cell lines, the membrane fraction and whole cell lysate were subjected to western blot analysis. As shown in Fig. 2A , the PaTu-8898s cells expressed a markedly lower level of CD9 in both the membrane fraction and the whole cell lysate than did the PaTu-8898t cells. We also examined the expression of EGFR, whose aberrant expression is linked to the etiology of several human epidermal cancers, including pancreatic cancer (21) . Intriguingly, a markedly higher level of EGFR was observed in the membrane fraction of the PaTu-8898s than that in the PaTu-8898t cells, while the EGFR level in the whole cell lysate did not differ between the two cell lines (Fig. 2A) . The inverse correlation between CD9 and EGFR cell surface expression was confirmed with confocal microscopy. In the PaTu-8898t cells in which CD9 was highly expressed on the cell surface, a large proportion of EGFR was localized in the cytosol (Fig. 2b,  arrows) , whereas in the PaTu-8898s cells in which a low level of CD9 was observed on the cell surface, EGFR was predominantly localized on the cell surface (Fig. 2b) .
CD9 plays a role in EGFR endocytosis.
To examine whether CD9 plays a role in the cell surface expression of EGFR, we first examined the effect of CD9 knockdown on the cell surface expression of EGFR. PaTu-8898t cells were infected with lentiviral scramble shRNA (shCT) or CD9 shRNA1-3 (shCD1-3), and the whole cell lysate and membrane fraction were subjected to western blot analysis. Compared to the lentiviral scramble shRNA (shCT)-infected cells, the cells infected with either of the lentiviral shCD9s resulted in a robust downregulation of CD9. Intriguingly, CD9 knockdown did not change the total EGFR expression level in the whole cell lysate but robustly increased the expression of EGFR in the membrane fraction. This was associated with a marked decrease in the expression of dynamin-2, which is known to regulate EGFR endocytosis (22, 23) , in both the whole cell lysate and membrane fraction (Fig. 3A) . Next, we examined the effect of CD9 overexpression on the cell surface expression of EGFR in the PaTu-8898s cells. As shown in Fig. 3b , CD9 overexpression did not change the total EGFR expression level in the whole cell lysate but robustly decreased the expression of EGFR in the membrane fraction, associated with a marked increase in the expression of dynamin-2 in both the whole cell 
CD9 overexpression in the PaTu-8898s cells attenuates cell proliferation, migration and invasion, which is not reversed by EGFR overexpression.
To further address the role of CD9 in pancreatic cell proliferation, the PaTu-8988s cells infected with the lentiviral vector, CD9 construct, EGFR construct, or a combination of CD9 and EGFR constructs (1:1 ratio) were subjected to proliferation assay. As shown in Fig. 5A , CD9 overexpression significantly reduced the cell proliferation rate, whereas EGFR overexpression enhanced the cell proliferation. Intriguingly, the CD9 overexpression-mediated inhibition of cell proliferation was not reversed by co-overexpression of EGFR. To examine the effect of CD9 and/or EGFR overexpression on cell migration, PaTu-8988s cells infected with the lentiviral vector, CD9 construct, EGFR construct, or a combination of CD9 and EGFR constructs (1:1 ratio) were subjected to scratch-wound and invasion assays. While EGFR overexpression enhanced cell migration and invasion, CD9 overexpression significantly reduced the cell migration and invasion, which were not reversed by co-overexpression of EGFR. Consistently, western blot analysis showed that while CD9 overexpression reduced the cell surface expression of EGFR, co-overexpression of CD9 and EGFR did not result in any significant increase in EGFR expression on the cell surface (Fig. 5F ).
CD9 knockdown promotes pancreatic cancer cell proliferation, migration and invasion, which are reversed by EGFR
RNAi. We also examined the effect of CD9 knockdown on the proliferation, migration and invasion of PaTu-8898t cells. PaTu8988t cells infected with the lentiviral shCD9-1 or shCD9-3 exhibited significantly increased proliferation (Fig. 6A) , migration ( Fig. 6b and C) and invasion ( Fig. 6D and E) compared to the cells infected with the lentiviral shCT, whereas the PaTu-8988t cells infected with the lentiviral shEGFR exhibited significantly decreased proliferation (Fig. 6A), migration (Fig. 6b and C) and invasion ( Fig. 6D and E) compared to the cells infected with the lentiviral shCT. Intriguingly, the co-infection of the cells with the lentiviral EGFR with the lentiviral shCD9-1 or shCD9-3 reversed the increases in cell proliferation, migration and invasion compared to the cells infected with the lentiviral CD9-shRNA1 or lentiviral CD9-shRNA3 alone (Fig. 6A-E) . Western blot analysis indicated that co-infection of the cells with lentiviral EGFR shRNA with either lentiviral CD9-shRNA1 or lentiviral CD9-shRNA3 resulted in a marked decrease in EGFR expression on the cell surface compared to the cells infected with the lentiviral CD9-shRNA1 or lentiviral CD9-shRNA3 alone (Fig. 6F) .
CD9 knockdown promotes tumor growth and metastasis in vivo.
To examine whether CD9 knockdown affects pancreatic cancer growth and metastasis in vivo, PaTu-8988t cells infected with the lentiviral shCT, shCD9-3, or a combination of lentiviral shCD9-3 and shEGFR (1:1 ratio) were subcutaneously implanted into the right flank of SCID mice. Among the animals injected with the PaTu-8988t cells infected with the lentiviral shCD9-3, 50% (6/12) of the mice had tumor formation on day 40, and 100% (12/12) of mice had tumor formation on day 120. However, among the animals injected with the PaTu-8988t cells infected with a combination of the lentiviral shCD9-3 and shEGFR, only 8% (1/12) of mice had tumor formation on day 40, and 50% (6/12) of mice had tumor formation on day 120. In contrast, among the animals injected with the PaTu-8988t cells infected with the lentiviral shCT, no mice had tumor formation on day 40, and only 41.6% (5/12) of mice had tumor formation on day 120 (Fig. 7A) . On day 120, three mice bearing PaTu-8988t cells infected with the lentiviral shCD9-3 had liver metastasis, one mouse bearing PaTu-8988t cells infected with a mixture of lentiviral shCD9-3 and lentiviral shEGFR had liver metastasis, whereas none of the mice bearing PaTu-8988t cells infected with the lentiviral shCT had metastasis (Fig. 7A) . At all of the time points, a significantly increased tumor volume was observed in animals bearing the PaTu-8988t cells infected with the lentiviral shCD9-3 compared to those bearing the PaTu-8988t cells infected with the lentiviral shCT (Fig. 7b) . However, a marked decrease in tumor volume was observed in the animals bearing the PaTu8988t cells infected with a mixture of lentiviral shCD9-3 and lentiviral shEGFR compared to those bearing the PaTu-8988t cells infected with the lentiviral shCD9-3 alone (Fig. 7b) .
Discussion
Echoing the previous finding that reduced CD9 expression in pancreatic cancer is associated with high tumor grade and lymph node metastasis (16), we demonstrated an inverse correlation between the CD9 expression level and pancreatic cancer cell proliferation and migration using the two closely related pancreatic cancer cell lines, PaTu-8898s and PaTu-8898t. We further demonstrated an inverse correlation between the CD9 level and the cell surface expression of EGFR. CD9 overexpression reduced the cell surface expression of EGFR, associated with increased expression of dynamin-2, whereas CD9 knockdown increased the cell surface expression of EGFR, associated with decreased expression of dynamin-2. While forced expression of EGFR did not reverse CD9-overexpression-mediated inhibition of cell proliferation, CD9 knockdown-promoted pancreatic cancer cell proliferation and migration were blocked by EGFR RNAi both in vitro and in vivo.
Mounting evidence indicates that CD9 negatively regulates cell motility in various cancer cell types (24) (25) (26) , and CD9 knockout has been shown to increase spontaneous metastasis (27). However, direct evidence for a negative role of CD9 in pancreatic cancer motility has been lacking until the present study. Here, we demonstrated that CD9 overexpression reduced cell motility, whereas its knockdown promoted pancreatic cancer cell motility in vitro and enhanced pancreatic cancer metastasis in vivo. In contrast to the well-established role of CD9 in metastasis, very little is known concerning the involvement of this tetraspanin in the process of cancer cell proliferation. Here, we showed that CD9 knockdown promoted pancreatic cancer cell proliferation, whereas its overexpression inhibited cell proliferation. Our data are in line with the previous finding in other cancer cells, such as colon carcinoma cells (28) and small cell lung cancer cells (29) . However, controversial results have also been reported. For instance, in lymphoma cell lines, introduction of CD9 expression resulted in significantly increased cell proliferation (30) . This discrepancy is not surprising, as tetraspanins have recently been postulated as both cancer suppressors and promoters. This late appreciation is probably due to their capacity to associate with various molecules, which they recruit into special membrane microdomains, and their abundant presence in tumor-derived small vesicles that aid intercellular communication (31) . It is likely that CD9 plays a negative role in pancreatic cancer proliferation and migration through, at least in part, modulation of cell surface expression of EGFR. This notion is based on the findings that i) there was an inverse correlation noted between the CD9 level and cell surface expression of EGFR in pancreatic cancer cells; ii) forced expression of CD9 reduced the cell surface expression of EGFR, whereas knockdown of CD9 promoted EGFR expression on the cell surface; and iii) the CD9 knockdown-mediated increase in pancreatic cancer cell proliferation and migration were blocked by EGFR RNAi. EGFR activation via ligand binding results in signaling through various pathways ultimately resulting in cellular proliferation, survival, angiogenesis, invasion and metastasis. EGFR overexpression is detected in up to 90% of pancreatic tumors (32) , and aberrant expression or activity of EGFR has been strongly linked to the etiology of many other cancers including but not limited to head and neck squamous cell carcinoma (HNSCC), non-small cell lung cancer (NSCLC), colorectal cancer (CRC), breast cancer, pancreatic cancer and brain cancer (21) . In line with our findings, previous studies have shown that a decrease inCD9 and an increase in EGFR predict malignant progression of cancer (33) , that CD9 associates with EGFR in hepatocellular carcinoma cells and Chinese hamster ovary cancer cells transfected with EGFR/CD9, and that expression of CD9 specifically attenuated EGFR signaling through downregulation of surface expression of EGFR (34) .
Based on our findings that CD9 knockdown did not alter EGFR expression in total but rather increased its cell surface expression, we propose that CD9 may play a role in EGFR endocytosis. In support of this hypothesis, we showed that CD9 knockdown resulted in marked decrease in dynamin-2 expression, whereas CD9 overexpression increased dynamin-2 expression. Dynamin, a large GTPase that deforms lipid bilayers, is well known to be involved in the endocytosis of EGFR (22) . A recent study has shown that dynamin-2 depletion leads to a strong inhibition of EGFR endocytosis, robust enhancement of EGFR autophosphorylation and ubiquitination, and slower kinetics of EGFR degradation, and that dynamin-mediated endocytosis leads to attenuation of EGFR activation and downstream signaling (23) . Thus, CD9 may play a role in EGFR endocytosis through modulation of dynamin expression. However, the mechanisms by which CD9 modulates dynamin-2 expression are largely unknown and should be investigated in future studies.
In summary, we demonstrated that CD9 downregulation, which is evident in many cases of pancreatic cancer, promoted pancreatic cancer cell proliferation and migration through at least in part, enhancing the cell surface expression of EGFR, a well-established target for pancreatic cancer therapy. CD9 played a role in EGFR endocytosis likely through regulating the expression of dynamin, which is known to regulate EGFR endocytosis, although the underlying mechanisms remain to be investigated. These findings lead to the hypothesis that targeting CD9 may offer therapeutic benefits to pancreatic cancer patients.
